The animal experiments of Howell and Donaldson (1884) and Frank (1895) demonstrated that changes in the conditions of ventricular discharge altered the character of ventricular contraction. More recently Bouchard and Cornu (1954) , Rodbard and Shaffer (1956) , and Rashkind (1960) have reported modifications ofthe normal right ventricular pressure wave form in human subjects suffering from diseases affecting the right ventricular outflow tract or pulmonary circulation. It might be expected that the pressure pulse in the pulmonary artery would also be modified by changes in the hwemodynamics of the pulmonary system.
the end of a cardiac catheter so that they could be introduced directly into the heart chambers. The instrument described by Soulie et al. (1954) , which they termed a "micromanometer", consists of a transducer that responds to both pressure and sound waves by altering its electrical inductance ( Fig. 1 ). These alterations are conducted to an amplifier outside the body by a cable running in one lumen of a double lumen size 8 cardiac catheter, the second lumen being left patent so that intracardiac pressures can be recorded with an external manometer in the usual way. The amplifier splits the signal into two bands so that pressure and sound are recorded separately. Fig. 2 compares the rapid response and lack of inertia or artefact in the recording from the micromanometer with the delayed response and series of damped pressure oscillations obtained with the usual type of external transducer at the end of a fluid-filled catheter.
The work presented here consists of a study of the pulmonary artery pressure wave form in 43 subjects using an Allard-Laurens micromanometer. To decrease the effect that variations in the power and character of the cardiac contraction might have upon the wave form, only the diastolic portion of the pulse has been considered.
SUBJECTS AND METHODS
The ages of the patients ranged from 5-55 years and all but three were suffering from congenital heart disease (see Tables I and II) . For The Presystolic Wave. The shape of the diastolic part of the pulmonary arterial pressure trace was found to be remarkably constant in individual patients. Usually at least two waves could be seen to be superimposed upon the natural decline in pressure after pulmonary valve closure: an initial undulation just after the pulmonary incisura, and another immediately before the next systole. The first parallels the dicrotic wave of the systemic circulation and is a common finding during routine cardiac catheterization even when the normal fluid-filled catheter system is used. The late pressure wave is less well recognized. It always occurs in immediate presystole (Fig. 3) even if the length of the cardiac cycle alters noticeably between beats. It precedes or is simultaneous with the R deflection of the cardiogram and its peak is approximately 014-0-18 sec. after the start of the P wave. From its timing it is likely to be produced by atrial systole, following the "a" wave in the right auricle by 002-004 sec. and a presystolic pressure wave in the right ventricle by 001-002 sec. (Fig. 4) .
The Dicrotic Wave. A dicrotic wave was visible in 35 out of the 43 patients studied, in some instances rising as high as 5 mm. Hg above the incisura pressure (Tables I and II) . It was largest in patients with an increased pulmonary blood flow and a normal pulmonary arterial pressure. Virtually all those with an increased blood flow and normal pulmonary valves had a dicrotic wave of at least 2 mm. Hg in height; it was smaller or absent in some of the patients who had pulmonary stenosis in addition to a septal defect (Fig. 5) . The dicrotic wave tended to be small or absent in patients with uncomplicated pulmonary valvular stenosis, although the only one studied with uncqmplicated infundibular stenosis had a prominent wave (Table II) . The dicrotic wave was absent in more than half of the patients with pulmonary hypertension (Fig. 6 ): the largest wave was seen in a case of common atrioventricular canal (Case 23) in which there was an exceptionally large pulmonary blood flow (about ten times the systemic flow).
Pressure tracings were obtained from the right or left main branches of the pulmonary artery in 27 patients who had clear dicrotic pressure waves in the main pulmonary trunk. In 23 cases the Tables I and II. iL do mi' bilip amplitude of the wave was smaller in the branches than in the trunk (Fig. 7) , in three cases it was the same, and in one case it was larger. In no case was a dicrotic wave seen in one of the branches of the pulmonary artery, when none was present in the main trunk. Secondary Dicrotic Waves. In some patients with a slow heart rate, secondary and even tertiary pressure waves could be seen to follow the dicrotic wave in the pulmonary artery pressure trace in addition to the presystolic or " a" wave ( Fig. 8 and 9 ). These disappeared if the heart rate increased (Fig. 10) , because the whole of diastole was taken up by the dicrotic and presystolic waves. However, their form and frequency were very constant despite changes in heart rate provided diastole was long enough to allow them to appear.
The secondary pressure waves usually occurred in patients who had prominent dicrotic waves, and were not seen in those with small or no dicrotic waves (Fig. 11) . They were of similar length to that of the dicrotic wave, and like this wave their amplitude was less in tracings obtained from branches of the pulmonary artery than in those obtained from the pulmonary trunk.
When first seen it was thought that the secondary waves must be artefacts produced by catheter movement. However, this explanation appears unlikely because (1) the wave form was unaffected by slight movement of the position of the catheter in the pulmonary artery; (2) the oscillations were recorded consistently throughout a two-hour catheter session; (3) in the 10 patients in whom secondary waves were recorded in the branches of the pulmonary artery, the wave length was the same as that recorded in the pulmonary trunk, whereas catheter whip usually alters moderately as the catheter is pushed into the periphery of the lung; and (4) banging and to and fro movement of the catheter outside the body produced pressure oscillations in the recording obtained with the external manometer system but no such artefacts in the tracing from the catheter tip manometer.
Clear secondary waves were present in 8 of the patients studied (denoted+ in Tables I and II) , very small secondary waves (Fig. 9) were present in 10 patients (denoted± in Table I and II), and no secondary waves were seen in 17 patients. In 9 patients it was not possible to determine whether additional waves were present because diastole was too short. Secondary pressure waves were seen in all patients in Group IA who had slow heart rates. The secondary waves were a variable finding, like the dicrotic waves, in tracings from patients who had pulmonary stenosis in addition to an increased pulmonary blood flow (Group IB). With the exception of the patient with an atrio-ventricular canal and very large pulmonary flow, secondary waves were absent in the patients in Group II with pulmonary hypertension or pulmonary stenosis and a normal pulmonary blood flow. 
DISCUSSION
Wiggers in 1914 reported the presence of a small dicrotic wave occurring immediately after pulmonary valve closure in the pulmonary arterial pressure tracings of dogs. On occasions further pressure waves following the dicrotic wave have been recorded, but in view of the high inertia of the instruments used, these waves have been regarded as superimposed artefacts (Johnson et al., 1937; Wiggers, 1952) . For reasons already presented, however, the secondary wave which has been seen to follow the dicrotic wave in some tracings from patients in the present study is unlikely to be an artefact.
The results obtained here suggest that the additional pressure waves are secondary oscillations induced by the dicrotic wave, because they have a similar frequency and rarely occur unless the dicrotic wave is large. It is possible that the dicrotic wave and other pressure oscillations could be initiated by the pulse wave being reflected from the periphery of the pulmonary vascular system. However, on theoretical grounds, Engelberg and Dubois (1959) considered that the wave-length of the pulmonary arterial pressure wave was too long in relation to the length of the vascular system to permit reflected waves. Further, if the oscillations were due to reflected pressure waves, their , group.bmj.com on June 13, 2017 -Published by http://heart.bmj.com/ Downloaded from THE PRESSURE WAVE FORM IN THE PULMONARY ARTERY frequency, as deduced from the length of the vessels and the speed of transmission of pressure waves in the pulmonary system (Bramwell and Hill, 1922; Engelberg and Dubois, 1959) might be expected to be far greater than that observed in the present study.
The dicrotic and secondary pressure waves were found to become progressively smaller towards the periphery of the lung, which implies either that they are standing waves or that they are produced in the region of the pulmonary trunk. The dicrotic wave in the aorta has been attributed to movement of the aortic valve cusps, and by analogy pressure oscillations might be produced in the pulmonary artery by movements of the pulmonary valve (Wiggers, 1914; 1921) . Certainly the finding in the present study that the dicrotic and secondary waves were small or absent in patients with uncomplicated pulmonary stenosis suggests that the pulmonary valve plays a part in their production. The frequency of the pressure waves occurring in the pulmonary artery during diastole appeared to be independent of the heart rate. Further, it did not differ between patients who had a septal defect alone and those who had a septal defect associated with pulmonary stenosis. Presumably, therefore, the frequency is determined by the physical characteristics of the pulmonary vascular system rather than by factors modifying ventricular emptying. Theoretically it might be expected that the less elastic the arteries the higher would be the frequency, and hence that the frequency would increase with age. In the present study no correlation could be shown between the frequency of the diastolic pressure waves, and the age of the patient. However, it may be that too few patients were studied to demonstrate an association.
SUMMARY
The pulmonary artery wave form during diastole has been studied in 43 patients using a cathetertip micromanometer.
A small presystolic wave was seen in 30 patients, and from its timing it seems likely that it reflected contraction of the right atrium. A clear dicrotic wave was present in 35 of the subjects. It was large in patients with an increased pulmonary blood flow due to an atrial or ventricular septal defect, and small or absent in patients with pulmonary hypertension or pulmonary stenosis.
A small secondary pressure wave was seen to follow the dicrotic wave in 18 patients. These extra waves were only seen in patients who had large dicrotic waves, and both they and the dicrotic waves tended to be smaller in pressure tracings obtained from the branches of the pulmonary artery.
The findings imply that the dicrotic and secondary waves have a common origin in the main pulmonary trunk, and possible mechanisms for their production are discussed. It is suggested
